The field of high energy neutrino astrophysics is entering an exciting new phase as two new large-scale observatories prepare to come on line. Both DUMAND (Deep Underwater Muon and Neutrino Detector) and AMANDA (Antarctic Muon and Neutrino Detector) had major deployment efforts in 12/93-1/94. Results were mixed, with both projects making substantial progress, but encountering setbacks that delayed full-scale operation. The achievements, status, and plans (as of 10/94) of these two projects will be discussed.
trino observations in the GeV-PeV range thus complement photon observations at all energies, and provide useful discrimination between some models 3 .
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There are basic physics questions to be answered: why do neutrinos come in three flavors, do they have mass, are they the solution to the dark-matter puzzle. As an example, recent results from the Kamiokande-III 5 and IMB 6 underground neutrino detectors suggest a substantial deviation from expectation in the observed ratio of muon to electron neutrinos produced in the atmosphere; it is possible to interpret the data in terms of neutrino oscillations, consistent with an island of allowed values in the mixing-angle/mass-difference parameter space.
Neutrino astrophysics experiments like these provide a way to address such questions with costs an order of magnitude below those of contemporary accelerator experiments (ie, on the order of US$ 10 million). There is no question that in future we will have to find ways to do particle physics that make much smaller demands on the world economy.
But for many of us, one of the most attractive features of neutrino astrophysics is the virginity of the field: the unexpected is always a possibility, and historically science has made great advances whenever a new mode of viewing the universe has been tested. Perhaps the first large-scale neutrino detectors will eventually have the significance of Galileo's spyglass.
The basic concept of a water or iceČerenkov detector is illustrated in Fig. 2 , which depicts a neutrino interaction producing a muon. Seawater (or ice) serves a triple purpose, acting as a low-cost massive target, supplying a track sensitive, transparent medium for production and propagation of Cerenkov radiation by charged particles, and also providing a thick, uniform overburden (in contrast to underground experiments, with nonuniform material and an irregular surface profile) to filter out downward-moving background particles. The water volume is instrumented with an array of sensitive photomultiplier tubes (PMTs). The attenuation length for light in water at the DUMAND site in the appropriate wavelength range is about 40 m, which defines the scale of the transverse spacing of detector "strings", and the vertical separation of PMTs is set at 10m to provide adequate photocathode coverage; similar parameters apply to ice. Upward moving neutrinos, having passed through the earth (and thus being accompanied by essentially no background, as shown in Fig. 3 ), interact in the contained volume of water or in the nearby seabed, producing muons, charged particles moving near the speed of light in vacuo, which will therefore generate Cerenkov radiation in the water (n=1.35 in seawater). The Cerenkov light is produced in a characteristic cone-shaped pattern, and thus information on the arrival time and pulse intensity recorded at each of the photomultiplier tubes can be used to reconstruct the muon track direction. For energetic muons, collected photoelectron statistics can be sufficient to provide a muon energy estimate. In the case of "contained events", where the event vertex is within the sensitive volume, the hadron-electromagnetic cascade can be observed and a more accurate energy estimate made.
The idea of detecting high energy astrophysical neutrinos is an old one, and calls for development of a practical detector date from at least the early 60s. 7 Apparent anomalies in the underground muon flux 8 stimulated interest in underwater muon detectors offering uniform overburden, and indirectly fostered development of the current generation of large-scale neutrino detectors. 9 The DUMAND concept in more or less its present form has been discussed, and construction projects of various degrees of practicality have been proposed, since the mid-70s. 10 The water Cerenkov technique was further refined in the early 80s by the successful construction and operation of large-scale proton-decay detectors (later used as low-energy neutrino observatories) by the IMB 11 and Kamiokande 12 Collaborations. These projects made it possible for the DUMAND proposal to be accepted for construction funding by the US Department of Energy in 1990. The cost and risks involved in deep-ocean engineering operations were still a matter of concern.
At about the same time the AMANDA group proposed an alternative approach, in which the Antarctic ice cap replaces the ocean as overburden, target and detecting medium. Deployment operations take place from the stable platform of the South Pole Station. AMANDA has its substantial logistical requirements covered by the US National Science Foundation's Office of Polar Programs, which supports all scientific research operations in Antarctica.
The remainder of this article will compare and contrast AMANDA and DU-MAND, ending with a look at initiatives presently being undertaken for the next step in detector sensitivity, a second-generation observatory of scale 1 km 3 . As a participant in DUMAND, I hope to avoid any inadvertent bias in this review.
Two parallel efforts in Europe, the NESTOR project in Greece and the Baikal project in Russia, will not be discussed here simply due to lack of space. Both projects are making significant progress and will have important effects on the development of this rapidly-growing field.
WATER CERENKOV NEUTRINO DETECTOR
Arrival times and pulse heights give muon track direction. Taking our subjects in order of age, the DUMAND project has been discussed in one form or another for nearly 30 years. 13 The detector presently being constructed in Hawaii is called DUMAND-II. 14 DUMAND-I refers to a ship-suspended single prototype string which was successfully operated in 1987. 15 The funding plan provides for deployment of the full 9-string array (Fig. 4 ) in two phases: first 3 strings (the triad) as a demonstration, and the remaining 6 strings (complete octagon, plus center string) after about 1 year of testing and operation. Details of the detector design and physics capabilities have been published elsewhere.
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The Island of Hawaii was selected for a variety of compelling reasons: exceptional water clarity, proximity of an abyssal plain with appropriate seabed characteristics to a suitable shore site (30 km away), presence of an active particle physics group at the nearby University of Hawaii in Honolulu, and pre-existing laboratory infrastructure at the shore site, due to an ocean thermal energy research project.
The latter feature even provided a cost-free conduit for the DUMAND shore cable to pass beneath the surf zone, since the thermal energy project involves slant drilling of tunnels into the ocean.
When completed, DUMAND-II will be an array of 216 Optical Modules (OMs:
photomultiplier tubes plus front-end electronics, encased in a standard glass oceanographic pressure sphere) deployed on nine vertical strings, which are moored in an octagonal pattern with 40m sides and one string in the center (Fig. 4) . The instrumented portion of each string begins 100m above the ocean floor to avoid boundary-layer effects. In addition to OMs, the strings include sets of hydrophones and other acoustical equipment, and calibration modules, in which a constant output laser light source is used to excite a scintillator ball viewed by the PMTs.
The array is being deployed on the ocean floor at depth 4800m, 30 km due west from the Kona Coast of the Island of Hawaii (Fig. 5) , and is connected to the shore laboratory at Keahole Point by a cable combining electrical and fiber optic elements, terminating in an underwater junction box. The shore cable contains 12 fibers (including spares) and a copper layer which supplies 5 kW of electrical power at 350 VDC, using a seawater return system. The data system has been designed to cope with the background rate from radioactivity in the water (primarily from natural 40 K) and bioluminescence and still generate minimal deadtime for recording neutrino events. Results from the 1993 deployment confirmed observations made in the 1987 DUMAND-I experiment. 17 As Fig. 8 shows, the dark counting rate for a single OM was found to be on the order of 60 kHz, primarily due to trace 40 K in the huge volume of seawater each tube views. Noise due to bioluminescence is episodic and likely to be unimportant after the array has been stationary on the ocean bottom for some time, in the appropriate wavelength band.
We need to point reconstructed muon tracks onto the celestial sphere with an accuracy better than 1 o (the median angle between primary ν and secondary µ at 1 TeV). This means that relative OM locations must be known to the order of a few cm, and the overall geographical orientation of the array must be known to much better than 1 degree. The Global Positioning Satellite (GPS) system plus conventional oceanographic acoustical survey techniques allow us to measure the geographical coordinates of underwater fiducials (acoustical transponders) to within a few meters, satisfying the geographical orientation requirement. We were unable to find a commercial system able to reliably provide the OM positioning accuracies required, so we designed our own sonar system, which measures acoustical signal transit times with 10 µsec precision using frequency modulated chirps and matched filtering via DSPs. 18 Other components of the environmental monitoring system measure oceanographic parameters such as water currents, temperature and salinity (needed to calculate the local speed of sound).
In December of 1993, the DUMAND scientific team and the crew of the University of Washington oceanographic ship R/V Thomas G. Thompson successfully deployed the first major components of DUMAND, including the junction box, the environmental module, and the shore cable, with one complete OM string attached to the junction box. Other DUMAND personnel prepared the shore station for operation. The procedures for the lowering and cable laying operations had been worked out in practice runs. Cable laying equipment was leased and mounted on the ship. Environmental monitoring equipment and the site-defining navigational sonar array were also laid out and used in the deployment operation.
The basic infrastructure for DUMAND, comprising the underwater junction box, the 30 km optical fiber/copper cable to shore, and the shore station facility are now in place. The deployed string was used to record backgrounds and muon events. Unfortunately, an undetected flaw in one of over 100 electrical penetrators (connectors) used for the electronics pressure vessels produced a small water leak.
Seawater eventually shorted out the string controller electronics, disabling further observations after about 10 hours of operation. In January, 1994, the disabled string was remotely released by an acoustical signal, recovered at sea, and returned to Honolulu for diagnosis and repair. The fault has been analyzed and quality assurance procedures to avoid future recurrences have been put in place.
In addition to the refurbished first string, two further strings are currently undergoing final assembly and testing. We plan to make extensive deep water tests of these three strings before mooring them at the DUMAND site. Surface ship and underwater vehicle resources needed to carry out deployment and interconnection operations will be available in 1995.
After redeployment of the first string of OMs, each successive string will be moored at the vertices of an octagon at a radius of 40 m. Acceptable placement error is about 5m; this tolerance can be readily achieved using available ships with dynamic positioning capability (basically, GPS navigation coupled to the ship's thrusters), according to simulation studies performed by a marine operations consulting firm. Strings will be connected to the junction box by an umbilical cable and wet-mateable electrical/fiber-optic connector. Using a mockup junction box and string mooring, the US Navy's Advanced Tethered Vehicle (ATV) carried out successful tests of the connecting operation in 1992, proving that tethered remotely operated vehicles (ROVs, which are cheaper and more readily available than manned submersibles) are also an option for DUMAND underwater maintenance activities.
Although the success of the DUMAND deployment was marred by the failure of a single penetrator, enough was learned from the limited period of live operation to be confident that it will be possible to complete and operate the whole DUMAND array. The failure provided an undesired but nonetheless useful opportunity to test procedures for recovering faulty equipment from the sea, an essential task for long term operation. The overall plan is to install and operate three strings as a full-up demonstration, and then proceed to deployment of the remaining six strings after about a year of test operation.
Further information on DUMAND is available via the DUMAND Home Page on the World Wide Web. The URL address is \protect\vrule width0pt\protect\href{http://web.phys.washington.edu/dumand.html}{htt
AMANDA
The Antarctic Muon and Neutrino Detector (AMANDA) uses the same fundamental detector concept as DUMAND, but substitutes polar ice for abyssal seawater.
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Photomultiplier tubes are placed in vertical shafts melted into the icecap at the South Pole, and data acquisition is handled in a counting house established at the surface. 21 The detector layout is depicted in Fig. 10 .
This approach exploits two significant advantages of ice as a medium: it is a stable solid, and it is biologically and radiologically sterile. The ice forms a rigid, adaptive support for the OM strings, and thus the need for measuring OM positions is reduced from a continuous monitoring process to a one-time survey procedure during deployment. Backgrounds due to bioluminescence and natural radioactivity such as 40 K are effectively absent, reducing the background noise rate substantially, and allowing lower true event rates per sky pixel to be detected as a significant excess. Since the data acquisition system is only a short distance away from the OMs, at the surface of the ice, AMANDA does not require front-end electronics to be built into the optical modules or a local string controller; the OMs, as shown in Unfortunately, laser calibration signals were found to have transit times between diffuser balls and OMs that were much longer than expected for unob- Figure 11 : AMANDA Optical Module.
structed straight-line paths. Fig. 12 shows two examples of transit time distributions, with the geometrical distance between source and OM corresponding to arrival time delays of 91 and 142 nsec respectively. 22 As can be seen from the figure, the mean arrival time is more than 5 times longer, and even the earliest arrivals take nearly twice as long as expected to reach the OMs. These data have been carefully analyzed by the AMANDA group, and the conclusion is that a) the absorption length of 475 nm photons in polar ice is about 60 meters, but b) the ice contains a significant density of bubbles which produces an effective scattering length of only 20 cm. Fig. 13 shows that the arrival time data provide a good fit to these hypotheses. With an increase to 15 m vertical OM spacing, a considerably larger volume can be instrumented. Six strings of 13 OMs each will be deployed in a circular pattern with 60 m radius. The new drilling system may also make it possible to go to larger diameter phototubes, although current plans call for using the same PMTs used in previous deployments.
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As with DUMAND, the results of the 1994 AMANDA deployment did not include detection of astrophysical neutrinos, but did demonstrate important aspects of the technique. Despite the short scattering length, which in effect reduces track reconstruction accuracy to ±10 o on the sky, it was possible to perform a number of tests which verified the general viability of the AMANDA concept using the 1994 array. AMANDA has much less overburden than DUMAND, and therefore a much higher background rate due to downward-going muons. However, the absence of bioluminescence and natural radioactivity makes the OM singles noise rate much lower: about 2 kHz as compared to 60 kHz. The mean OM dark noise rates observed (1.8 kHz) are about half what had been anticipated. 19 Simulation studies suggest that by using noise cancellation and signal coherence techniques (ie, treating our set of hydrophones as a phased array), it will be possible to systematically enhance noise rejection and detect high energy particles. The DUMAND array will be equipped to observe coincidences of OM and acoustical signals and this will provide the first direct practical test of acoustical detection. DUMAND will also supply acoustical equipment to AMANDA for tests of acoustical detection in the ice.
Throughout the process of detector construction and deployment, the two groups have engaged in mutual assistance and cooperation despite the inevitable sense of competition. It is quite likely that at some point in the future we will be working together directly to focus resources and expand capabilities. The present DUMAND and AMANDA arrays, even after all currently planned deployments are completed, will serve primarily as test beds and prototypes for a much larger detector.
The Next
Step: km between the first discussions of the detector concept and its materialization in hardware, everyone with an interest in neutrino astronomy is concerned about reducing the lead time for the next step. In part, during the early years DU-MAND was a concept waiting for the development of appropriate technology (eg, wet-mateable fiber optics connectors, which became available in the late 80s), but it is certainly not too early to begin design and organizational activities on the second generation now.
It seems clear that both the deep-sea and polar-ice approaches have valuable features as well as problems that are not yet resolved, at least to the satisfaction of the community at large. At present it is still possible that AMANDA will find no end to its bubble problem at practical depths. Similarly, although the basic feasibility and technological issues are resolved, it is essential for DUMAND to definitively demonstrate its ability to overcome component reliability problems and operate a complex detector system deep underwater on a long-term basis.
If either group fails to achieve these goals, the direction for future work will be clear; in the happy circumstance that both detectors work as planned, a decision about whether the km 3 detector should be underwater or in the ice will be based on assessment of results from initial runs. 
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